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1. Introduction 
A cultured epithelial cell line (LLC-PK1) derived 
from porcine kidney has receptors for calcitonins and 
responds to these hormones with an increase in the 
cellular content of CAMP [ 1,2] and activation of a 
CAMP-dependent protein kinase [3]. The LLC-PK1 
cells had been selected and maintained in (41 because 
of their ability to produce large amounts of plasmin- 
ogen activator. The synthesis and secretion of this 
enzyme in several other cell systems is modulated by 
specific hormones, some of which act by increasing 
cellular levels of CAMP [5,6]. Calcitonin also markedly 
stimulates plasminogen activator production by LLC- 
PK1 cells and decreases their replication [7]. Here, we 
show that calcitonin increases amino acid incorpora- 
tion into proteins secreted by LLC-PK1 cells. The 
increased incorporation is mainly into a protein which 
on polyacrylamide gel electrophoresis has an estimated 
M, of m 45 000 and has plasminogen activator activity. 
2. Materials and methods 
2.1. Cell culture procedures 
LLC-PK1 cells, kindly provided by Dr R. N. Hull 
of Eli Lilly; Res. Labs (Indianapolis IN) were main- 
tained in 10 cm diam. plastic petri dishes (Falcon, 
Division of Becton, Dickinson and Co., Oxnard CA) 
in DMEM, (Grand Island Biological Co., Grand Island 
NY) 10% FCS (Microbiological Assoc., Walkersville 
MD) also containing 100 units penicillin and 100 pg 
Abbreviations: DMEM, Dulbecco’s modification of Eagle’s 
medium; FCS, fetal calf serum; PBS, dulbecco’s phosphate 
buffered saline; SCT, salmon calcitonin; SDS, sodium dodecyl 
sulfate; ADH, vasopressin 
streptomycin/ml. Cultures were started with -1 X 1 O6 
cells/dish and reached -1-3 X 1 O7 cells/dish within 
7-14 days at 37”C, 95% air, 5% C02. At that stage 
the cells tended to pile up into the domes described 
in [4]. In individual experiments, the cells were dis- 
persed with 0.25% trypsin-EDTA (Grand Island 
tiiological) at 37°C for 10 min and then replated at 
the desired density. 
2.2. Hormone solutions 
Test solutions of hormones were prepared by dis- 
solving lyophilized samples of synthetic salmon cal- 
citonin (SCT) (Armour Pharmaceuticals, Scottsdale 
AZ, -500 MRC units/mg, a gift of Dr H. T. Keutmann) 
or bovine parathyroid hormone (-3000 units/mg, a 
gift of Dr H. T. Keutmann) in stock solutions in small 
volumes of 0.05 M acetic acid. Arginine vasopressin 
(367 IU/mg) was obtained from Sigma Chemical Corp. 
(St Louis MO). Stock solutions of prostaglandin E2 
(kindly provided by the Upjohn Co., Kalamazoo MI) 
of 1 mg/ml were prepared in absolute ethanol. 
2.3. Incorporation of i3HJamino acids into proteins 
Cells were plated into 10 or 6 cm diam. dishes in 
DMEM, 10% FCS. In some experiments (fig.l,2), after 
24-72 h, the medium was removed and cells were 
incubated in the same medium in the presence or ab- 
sence ofhormone for up to 48 h. In other experiments 
the preincubation with hormone was omitted. The 
cells were then washed 3-times in PBS without cal- 
cium or magnesium. The radioactive amino acid 
L-[2,3-3H]proline of L-[3,4,5-3H]leucine (120 Ci/ 
mmol, New England Nuclear Corp., Cambridge MA) 
was then added in DMEM without FCS and incuba- 
tion continued, usually for 24 h. Media were then 
removed, centrifuged at 800 X g to remove floating 
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cells and debris and portions dialyzed for 24-48 h, at 
room temperature, in 3500 M, cutoff dialysis tubing 
(Spectrapor 132725, Spectrum Medical Industries, 
Los Angeles CA) against running tap water or 2.5% 
SDS (Sigma) in 0.625 M Tris-HCl (pH 6.8). Cells were 
removed with trypsin and counted in a Coulter 
Counter or scraped with a teflon policeman into 
l-3 ml 2.5% SDS, 0.0625 M Tris-HCI, pH 6.8 and 
dialyzed prior to SDS-polyacrylamide gel electro- 
phoresis. After dialysis, radioactivity was measured 
on aliquot portions of retentate (volumes corrected 
for changes on dialysis) in 10 ml Instagel (Packard 
Instrument Corporation, Downers Grove IL) in a 
Packard Tricarb Liquid Scintillation Counter. 
2.4. Analysis of hydrolyzed samples 
Selected samples were hydrolyzed in 6 N HCl at 
108’C for 18-24 h. The HCI was then removed by 
evaporation and the residue taken up in the pH 2.9 
citrate starting buffer and applied to columns of the 
automatic amino acid analyzer (Beckman Instru- 
ments, Palo Alto CA) as in [8). Conversion of 
L-[2,3-3H]proline to L-[2,3-3H]hydroxyproline was 
then determined. 
2.5. Polyacrylamide gel electrophoresis 
Labeled medium and pellet proteins were prepared 
for SDS-polyacrylamide gel electrophoresis by dial- 
ysis at room temperature immediately after incuba- 
tion against 2.5% SDS, 0.0625 M Tris-HCl (pH 6.8) 
and samples stored at room temperature until use. 
Proteins were dissociated by immersion of tubes for 
1.5 min at 100°C. Radioactivity was measured on 
aliquot portions in order to add equivalent radioactiv- 
ity from different samples to companion lanes. Sepa- 
rating gels contained 10% polyacrylamide. No 
reducing agent was used. The position ofM, markers 
(BioRad Labs., Richmond CA) was determined by 
Coomassie brilliant blue staining of a portion of the 
gel. Migration of radioactive proteins was determined 
by fluorography [9,10]. 
2.6. Determination of plasminogen activator activity 
on polyacrylumide gels after electrophoresis 
The procedure used was a modification of that in 
[ 11 ,121. Polyacrylamide gels (1 mm thick) after elec- 
trophoresis of samples [ 131 in specially purified 
SDS (BDH Chemicals Ltd, Poole) were washed by 
gently rocking in 2.5% Triton X-100 for 1 h and 
rinsed in distilled water. The gel was then applied 
for 0.5-4.5 h to indicator gels containing casein in 
agar [ 141 instead of fibrinogen used in the originally 
described procedure [ 111. One indicator gel contained 
plasminogen. The purified plasminogen [ 151 was a 
gift of Dr J.-D. Vassalli (Rockefeller University NY). 
The indicator gels were then stained with 0.1% amido 
black and the polyacrylamide gels with Coomassie 
brilliant blue. 
3. Results and discussion 
When LLC-PKr cells were incubated for 48 h in 
serum-containing medium, followed by 24 h in the 
same medium without serum, there was an increase 
in incorporation of labeled amino acid into non- 
dialyzable medium proteins. In the experiment 
shown in fig.1 (SCT, 290 nM) the increase in amino 
acid incorporation was -2-fold. Since SCT also 
inhibited cell replication, the increase in [3H]proline 
incorporation per cell was -17-fold. In contrast, 
prostaglandin Ez (1 pg/ml) vasopressin (1 .O units/ml), 
or parathyroid hormone (bovine l-84, 10 nM) had 
no effects on protein synthesis or cell replication 
(not shown). The SCT-induced increase in protein 
synthesis and decrease in cell replication varied as a 
function of the concentration of hormone in the 
incubation medium (fig.2). Results similar to those 
with L-[2,3-3H]proline were obtained with L-[3,4, 
5-3H]leucine as precursor amino acid (not shown). 
The SCT-induced increase in amino acid incorpora- 
tion into medium proteins was detected as early as 
24 h after exposure to hormone. No difference in 
incorporation into cell pellet proteins was observed 
in untreated vs SCT-treated cells. In some experi- 
ments, incubation media were supplemented with 
/3-aminopropionitrile (50 ng/ml) and ascorbic acid 
(50 pg/ml) to determine if label was incorporated 
into collagens and procollagens. We reasoned that 
such renal tubular epithelial cells might be expected 
to synthesize basement membrane proteins in view of 
observations that intestinal epithelial cells synthesize 
several different collagen types [ 161. The ratio of 
4-hydroxy[3H]proline to total label in medium pro- 
teins was -0.014. No radioactivity coinciding with 
3-hydroxyproline was detectable in these experi- 
ments. This ratio decreased to 0.008 in the presence 
of 290 nM SCT, indicating that collagen-like protein 
synthesis was not stimulated by the hormone. The 
ratio of 4-hydroxy[3H]proline to total label in the 
cell pellet was <O.O 1 and was not changed by SCT. 
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Fig.1. Effects of hormones on cell proliferation and incorporation oflabeled amino acid into protein. LLC-PK, cells were incu- 
bated without or with various hormones under conditions described in the text. The initial cell density was -1 X 106/10 cm 
diam. dish. 
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Fig.2. Effects of varying concentrations of SCT on amino 
acid incorporation into medium proteins and on proliferation 
of LLC-PK, cells. Conditions were similar to those in fig.l., 
except that the initial cell density was -2 X 106/10 cm diam. 
dish. 
This value should be contrasted with a ratio of -0.20 
in normal dermal fibroblasts [8]. 
In order to determine which proteins had SCT- 
induced increases in amino acid incorporation, 
medium and pellet proteins were characterized by 
SDS-polyacrylamide gel electrophoresis and fluor- 
ography. Radioactivity was similar in most protein 
bands in media from SCT-treated cells and controls; 
however, an enrichment compared to controls was 
observed in several bands from SCT-treated culture 
media, particularly at M, - 4.5 000 (fig.3). No effect 
of SCT on cell pellet proteins was seen. LLC-PKI 
cells produce relatively large amounts of plasminogen 
activator [4]. Since calcitonin stimulates production 
of this protease [7], we attempted to determine if 
any of the bands on the polyacrylamide gels had 
plasminogen activator activity. As shown in fig.4, a 
zone of plasminogen-dependent proteolysis was evi- 
dent atM, - 4.5 000. This zone appeared as a doublet, 
but corresponded to the major radioactive band in- 
creased by SCT. The plasminogen activator activity 
was not visible in control media in this experiment, 
although a faint zone ofproteolysis at the same appar- 
ent Mr was detected in control media from other 
experiments. In media from some SCT-treated cells, 
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Fig.3. Analysis by SDS-polyacrylamide gel electrophoresis 
of medium [‘HIproteins from cultured LLC-PK, cells. 
L-[3,4,5-3H]Leucine (15 nCi/ml) was added to LLC-PK, 
cells in DMEM without FCS, in the absence or presence of 
SCT (10 nm), 24 h after plating. Incubation was then con- 
tinued for 24 h. The cell-free medium was dialyzed and the 
retentate then analyzed. (A) Medium proteins from cells in 
presence of 10 nM SCT; (B) medium from cells incubated 
without SCT. Numbers refer to Mr x 10“ of marker protein 
migration. An enhancement (SCT YS no SCT) is seen in a 
band or bands at Mr - 45 000. 
an additional band of plasminogen activator activity 
at Mr of - 30 000 was seen. The apparent MI of the 
plasminogen activator activities is consistent with 
previous observations on these cells [ 17 1. It is also 
seen in fig.4 that back diffusion of protein from the 
indicator gelinto the polyacrylamide gel was detected 
only in samples from XT-treated cells and with 
indicator gels containing plasminogen, providing addi- 
tional evidence that the stimulated enzyme was plas- 
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Fig.4. Assay of plasminogen activator activity in media from 
LLCPK, cells after electrophoresis on SDS-polyacrylamide 
gels. Incubation conditions were similar to those in fig.3. 
(A,B) The plasminogen-containing indicator gel stained with 
amido black after overlay with the washed polyacrylamide 
gel. A zone of lysis is observed at Mr. - 45 000 in (A) where 
medium from cells incubated with SCT (10 nM) was applied, 
whereas no lysis is seen in (B) where control medium was 
applied. (C-F) Lanes in the SDS-polyacrylamide gels after 
removal from indicator gels which contained plasminogen 
(C,D) or no plasminogen (E,F). Media from SCT-treated cells 
were applied in (C,E) whereas media from cells incubated 
without SCT were applied in (D,F). Numbers indicate 
Mr. X low3 of marker protein migration. An area of staining 
is seen at Mr - 45 000 and only in medium from SCT- 
treated cells and only in lanes incubated with the plasminogen- 
containing indicator gel. The latter results demonstrate that 
the proteolysis observed is due to plasminogen activator and 
not to non-specific protease. 
minogen activator and not non-specific protease. 
When inhibitors of protein synthesis were used 
(cycloheximide, 5 &ml) the stimulating effect of 
SCT on amino acid incorporation was abolished and 
all radioactive bands were markedly reduced (fig.5). 
In parallel experiments, no plasminogen-dependent 
or -independent caseinolytic activity was detected in 
media from cells incubated with cycloheximide. 
When actinomycin D (5 pg/ml) was added simulta- 
neously with SCT, the pattern of radioactive bands 
in samples of medium proteins was similar to con- 
trols, and the SCT-induced enrichment in the 
M, - 4.5 000 region was no longer seen (fig.5). These 
results suggest hat RNA and protein synthesis are 
necessary for plasminogen activator production, and 
are consistent with observations in other cell systems 
where modulation of plasminogen activator produc- 
tion is hormone dependent [ 5,6]. 
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Fig.5. Effect of cycloheximide and actinomycin D on 
[ 3H]proline incorporation into medium proteins from 
LLC-PK, cells incubated with or without 10 nM SCT. Incu- 
bation conditions were similar to those in fig.3. Fluorographs 
of SDS polyacrylamide gels are shown: (A) SCT alone; (B) 
medium alone; (C) SCT plus actinomycin D; (D) actinomycin 
D alone; (E) SCT plus cycloheximide. Numbers indicate 
MI X low3 of marker protein migration. 
Since the LLC-PKr cells have an adenylate cyclase 
system responsive to SCT [ 1,2], and CAMP stimulates 
plasminogen activator production in other cells and 
tissues [5,6], experiments were performed to deter- 
mine if there is a role for CAMP in mediating the 
effects of SCT observed here. An increase in labeled 
amino acid incorporation into proteins with 
M, of - 45 000 was observed in media from cells 
incubated with CAMP (1 mM) plus isobutylmethyl- 
xanthine (1 mM) or choleratoxin (100 ng/ml) (not 
shown). However, a stoichiometric relationship 
betweenTAMP levels and plasminogen activator 
production has not yet been demonstrated. It is pos- 
sible that the actions of SCT on protein synthesis are 
mediated by mechanisms other than those involving 
activation of adenylate cyclase and generation of 
CAMP. 
Although the physiological significance of the 
stimulation of plasminogen activator production by 
SCT is not known, we have demonstrated that ad- 
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ministration of pharmacological doses of the hormone 
to humans (levels used to treat Paget’s disease of 
bone) results in a 3%5-fold increase in urinary plas- 
minogen activator excretion within l-2 h [ 181. We 
do not yet know, however, whether the therapeutic 
efficacy of calcitonins in suppressing bone resorption 
is linked to these effects on plasminogen activator. 
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